The laser treatment of ceramics can lead to increased concentrations of hydroxyl ions on the surface, resulting in improved adhesive bond strength in quasi-static tests. Whether the improvement can be translated to armor applications is investigated here. The ballistic testing of composite-backed, surface-treated, and nontreated "control" alumina and silicon carbide panels was undertaken. The failure locus of the ceramic to adhesive/composite joint and the qualitative degree of damage were assessed. Laser surface-treated samples performed better than control samples, with silicon carbide moving from single shot to multi-shot capability, thus giving significant advantages for the deployment of these materials.
| INTRODUCTION
Ballistic testing is a dynamic condition using a projectile, the impact of which introduces an energy pulse into the material that then travels to the opposing free face. Modern armor systems usually incorporate ceramic materials to defeat the projectile and they can be adhesively bonded to a composite (or metal) backing plate. The difference in impedance between the ceramic and the adhesive affects the amount of energy reflected back from the ceramic-free face. 1 A low stiffness adhesive has a much lower impedance than the ceramic and will result in more energy being reflected back into the ceramic during the initial stage of the ballistic event, 1 resulting in more damage to the ceramic. Thus, there are benefits in using a stiffer adhesive that it is able to transmit greater amounts of energy away from the ceramic and which also provides greater support to the ceramic during impact. 1 Using a stiff adhesive, such as epoxy, means that the energy transmitted to the adhesive layer is typically over ten times higher than when using a lower stiffness material, such as polyurethane. 1 However, for the armor system to function, especially if it is required to have a multi-hit capability, the ceramic must remain bonded to the backing plate and this has been a problem with the stiffer adhesives. Furthermore, there is little research to guide improvements in the adhesion of ceramics to polymers. Various treatments can be used to change the characteristics of the surface of the ceramic and in turn promote the mechanical and/or chemical interaction between the ceramic and the adhesive. Grit blasting can be used to roughen surfaces and thus promote mechanical interlocking but it may also introduce contamination. 2 Chemical changes to the surface of the ceramic can be brought about by laser ablation and these changes have resulted in improved wettability. [2] [3] [4] [5] [6] In previous research, these techniques were applied to alumina 7 and silicon carbide, 8 specifically for armor applications. Sets of samples for each surface preparation were tested quasi-statically in tension and shear. It was found that the laser-treated ceramic produced joints which exhibited the greatest strength and in tension the failure locus of the joints was within the adhesive, demonstrating that the adhesive bond was stronger than the adhesive. Analysis of the treated surfaces was carried out using Xray photoelectron spectroscopy and sessile drop techniques. A link between the concentration of hydroxyl groups and the surface energy of the ceramic was established, with laser-treated surfaces observed to have a greater concentration of hydroxyl groups and improved wettability. In the sessile drop tests it was found that the contact angle with water changed from 45°to 14.5°for alumina and from 84°to 10°f or silicon carbide. There was also a correlation between the concentration of hydroxyl groups, the wettability and the bond strength in quasi-static conditions, with the laser-treated ceramics producing the strongest bonds.
Having established that laser processing can be used to improve the bond strength under laboratory conditions, it was hypothesized that it could also be used to improve bond strength under ballistic conditions. Thus, the purpose of this study was to test this hypothesis using KrF excimer laser-treated alumina and silicon carbide tiles, bonded with an epoxy to a composite backing panel.
| EXPERIMENTAL METHODS

| Alumina samples
Liquid-phase-sintered alumina 96 wt% (Alotec 96) and 99 wt% (Alotec 99) were supplied by Ceramtec ETEC GmbH. The tiles were hexagonal, measuring 30 mm across from flat to flat and 18-mm thick. One set of each type of alumina tile was treated with a KrF excimer laser, using the settings that gave the best result in the quasi-static tests. As a basis for comparison a control set was also used. The control tiles were only cleaned prior to bonding, using a methanol and then an isopropyl alcohol wipe.
| Silicon carbide samples
Solid-state-sintered silicon carbide (Sicadur F) was supplied by Ceramtec ETEC GmbH. The tiles were the same width as the alumina tiles and were 8-mm thick. Three different surface conditions were prepared. These were based on previous research. 8 The first set of samples was a control to act as a basis for comparison with the other surface treatments. The samples were cleaned using a methanol and then an isopropyl alcohol wipe, as for the alumina control samples.
The second surface condition was prepared by oxidizing the surface by refiring the samples in air at 1100°C for 1.5 hours. The samples were then cleaned using wipes as before.
The third set of samples was prepared by 248 nm KrF excimer laser treatment. These samples were only cleaned prior to laser treatment. The laser treatment of the tiles was based on settings developed in previous research 9 
| Ballistic panels
The panels were based on four materials; ceramic, aramid, glass fiber, and epoxy. They were constructed using vacuum-assisted resin infusion molding. The aramid was Kevlar â 129 and this was supplied as woven (0/90) material. The ceramic and composite layers were infused with epoxy in a single stage prior to curing. The epoxy was supplied by Resiblend PLC. It was a three part system using ESK T, ESK LV2, and ESK LVH2. The epoxy has low viscosity to assist with infusion and it is also toughened once cured. Schematic diagram of the construction of the panels are shown in Figures 1 and 2 . The panels were then bonded to larger glass fiber panels that allowed them to be mounted to the frame at the test facility.
The panel was constructed by applying a vacuumassisted resin technique. This method was chosen to create a continuous adhesive interface between the ceramic, and composite material rather than bonding the ceramic tiles to a precured panel of composite material. The bond line thickness was controlled by the use of an open weave glass fiber mesh. A diagram detailing the construction is shown in Figure 3 . The panel was layered from the bottom up before it was sealed and subjected to a low pressure vacuum. The resin was then released into the panel until complete infiltration had occurred, following which it was cured for 6 hours at room temperature with the vacuum still applied. The panel was then removed from the molding and cured in an autoclave at 80°C for 4 hours and then 120°C for 4 hours as recommended by the adhesive manufacturer to ensure that cross-linking had occurred in the adhesive.
| Ballistic testing of panels
Ballistic testing was carried out to standard NATO agreement (STANAG) 4569 level III and IV for silicon carbide and alumina, respectively (see Table 1 ). The alumina panels were tested using a single shot with a 14.5 mm armor piercing incendiary bullet. The silicon carbide panels were tested using four consecutive shots of 7.62954 mm armor piercing bullets into each panel. Both types of bullets use hardened steel cores. Photographs of the experimental setup are shown in Figure 4 .
Ceramic samples taken from the panel after the ballistic test were analyzed using scanning electron microscopy (SEM). The samples were coated with approximately 3 nm of sputtered gold prior to analysis with a Hitachi 3200 N scanning electron microscope fitted with a secondary electron detector and used at an acceleration voltage of 25 kV.
| RESULTS AND DISCUSSION
| Ballistic testing of alumina
Four alumina composite panels were tested in total. Each panel was shot a single time using a 14.5 mm bullet. The velocities of each projectile are shown in Table 2 .
The damage that occurred to each panel immediately following the impact was observed. The impact for the control panels resulted in the tiles detaching from the backing material and they were left loose behind the front composite layer. The adhesive layer had failed across the entire panel. Figure 5A shows the panel following the impact with alumina tiles detached.
The laser-treated panels demonstrated greater resistance to damage from the impact. The only tiles that were detached were those at and immediately around the impact location. The damaged area was not much larger than the hole in the front composite layer. The remaining tiles in the panel were still attached to the backing and the panel was still stiff. Figure 5B shows the laser-treated panel following the impact.
To confirm the locus of failure, samples from detached tiles and fragments were taken from each panel. These were analyzed using SEM. A failure of the interface would leave the surface of the ceramic exposed and a failure of the adhesive would leave the ceramic surface covered with the adhesive. Both the control ceramics demonstrated failure at the interface. The exposed ceramic surfaces are shown in Figure 6 .
The laser-treated tiles demonstrated a different failure locus. An adhesive failure was observed as shown in Figure 7 . It was also found that the backing material had failed and left fibers within the adhesive layer. This demonstrates that the interface between the ceramic and adhesive layer was stronger and more resistant to the shock from impact than other interfaces.
| Ballistic testing of silicon carbide
Three panels were tested; control, refired, and laser processed. Each panel was shot four times. After the first shot, subsequent shots were at a spacing of approximately 100 mm from the previous shot. The velocities of each projectile are shown in Table 3 .
Each panel was shot in a clock-wise direction starting from the upper left corner (Figure 8 ). Following each impact the control and refired panels were found to decrease in stiffness. The panels were most flexible at the center. The laser-processed panel demonstrated only a small change in stiffness after each impact. It was observed that the third and fourth impact on the control and refired panels had smaller areas of damage at the front of the panel, Figures 8 and 9 . It is hypothesized that the bullet did not transmit as much energy at the immediate surface of the ceramic and this may be as a result of a reduced dwell time of the bullet. The fourth impact penetrated the panel completely. In comparison the laser-processed panel demonstrated little change in the observed damaged at the front of the panels. In contrast to the other tests, the fourth bullet was also stopped within the panel, Figure 10 .
Fragments from each of the panels were analyzed using SEM to determine the locus of failure of the adhesive to ceramic joint. The control silicon carbide fragment is shown in Figure 11 . The ceramic surface appears to be exposed and confirms that the failure occurred at the interface between the adhesive and the ceramic.
The refired silicon carbide had demonstrated an increased in strength during previous static experiments. 8 However, this treatment did not improve adhesive bond strength enough to change the locus of failure. The surface was found to be exposed with very little adhesive attached, Figure 12 .
The failure occurred at the ceramic to adhesive interface. The laser-processed silicon carbide was found to demonstrate the greatest improvement in adhesive bond strength during previous static experiments. 8 The surface was observed to be covered with adhesive and also fibers from the backing material, Figure 13 . This result is very similar to the laser-treated alumina surface. The failure has occurred within the adhesive layer instead of at the interface. This demonstrates a greater bond strength between the ceramic and the adhesive. This also supports the observed differences in stiffness and multi-hit performance of the panels during the ballistic testing. The cumulative damage within the panel was less. 
| Observations
The previously reported quasi-static tests of joints demonstrated that the strengths of the bonds between an epoxy adhesive and laser-treated alumina and silicon carbide ceramics were higher than the bonds between epoxy and as-fired, grit blasted, and air refired ceramic samples. This improvement was attributed to the greater concentration of hydroxyl groups found to be on the surface of the treated ceramics, which resulted in higher surface energies and improved wettability. Postfailure analysis of the quasi-static test samples found that the adhesive failed rather than the interface. The same observation was made following the ballistic experiments; the adhesive remained attached to the laser-treated surfaces. This demonstrates that the interfacial strength was greater than the adhesive strength.
| Implications
While it is acknowledged that the ballistic test has a greater range of variables and is more of a test of an armor system than a simple two material couple, and that the link between quasi-static testing and ballistic testing is far from clear, in this particular instance the ranking order of the materials is the same in both sets of tests. Thus, it is postulated that the improved performance in the ballistic tests is a direct consequence of improved bonding, resulted from an increased hydroxyl ion concentration on the surface of the laser-treated ceramics.
If the results of these limited numbers of tests can be reproduced across a wider range of materials and conditions, then this points to a more generally applicable approach to improving the bonding between ceramics and polymers, not just for use in ballistic applications.
Increasing the scale of the technique is, however, a challenge and doing so cost-effectively has been considered during this research. There are a large range of laser systems available and each operates with different parameters such as wavelength, pulse energy, pulse duration, repetition rate, spot size, and traverse speed. Understanding the effect of parameters for each of these systems will identify the most suitable one.
| CONCLUDING REMARKS
Alumina and silicon carbide composite panels were tested to STANAG 4569 level IV and III, respectively. The ballistic performances of control, refired, and laser-treated tiles were compared to understand differences in damage sustained. Post-testing a qualitative assessment of the damaged area and the failure locus of the adhesive bond was made. 
| 329
The panels made from the control samples of alumina and silicon carbide exhibited the greatest degree of damage following the testing. All the alumina tiles were detached from the composite/adhesive layer. The multiple shots into the silicon carbide panel demonstrated a cumulative buildup of damage that eventually led to a complete penetration of the fourth impact. Decreasing stiffness of the panel was also observed after each impact.
The refired silicon carbide panel showed little improvement in comparison to the control. Each bullet impact resulted in decreasing stiffness and the fourth bullet fully penetrated the panel.
The laser-treated panels demonstrated the greatest resistance to damage from the impacts. The alumina panel only sustained damage local to the impact and this was observed to be only slightly larger than the hole caused by the bullet impact. The silicon carbide panel stopped all four bullets and remained stiff throughout the testing.
Postballistic testing inspection of the detached tiles and fragments was carried out using scanning electron microscopy. It was found that the control and refired samples had exposed surfaces indicating a failure of the interface between the ceramic and adhesive. The laser-treated ceramic pieces were covered in adhesive and this indicates a failure of the adhesive layer.
In conclusion, laser processing of silicon carbide and alumina tiles prior to adhesive bonding can improve the resistance of the panel to damage caused by ballistic impact from 7.62 and 14.5 mm projectiles tested to STANAG 4569 level III and IV, respectively. These observations support the hypothesis that the improvement is due to the increased adhesive bond strength between the ceramic and adhesive layer, resulting from a higher concentration of hydroxyl groups and hence greater number of hydrogen bonds. Although more testing is required to confirm the general applicability of this research, it does indicate that laser treatments may offer commercially viable routes to improving the adhesive bond strength and hence ballistic performance of composite-backed ceramic armor. This technology demonstrates that armor can achieve greater multi-hit capability without additional thickness and hence greater mass. It has also enabled the use of an epoxy adhesive instead of polyurethane which, because of the additional stiffness and energy transmission, is desirable for the performance of the armor system.
